Purpose The aim of this observational study was to investigate the optimal minimal polyethylene (PE) thickness in total knee arthroplasty (TKA) and identify other risk factors associated with revision of the insert due to wear. Methods A total of 84 TKA were followed for 11-16 years. All patients received the same prosthesis design (Interax; Howmedica/ Stryker) with halfbearings: separate PE-inserts medially and laterally. Statistical analysis comprised Coxregression to correct for confounding. Results Eight knees (9.5%) had been revised due to thinning inserts and an additional patient is scheduled for revision. PE thickness, diagnosis, BMI and weight are risk factors for insert exchange. For each millimetre decrease in PE thickness, the risk of insert exchange increases 3.0 times, which remains after correction for age, gender, weight, diagnosis and femoral-tibial angle. Insert exchange was 4.73 times more likely in OA-patients compared to RA-patients. For every unit increase in BMI and weight the risk for insert exchange increases 1.40 times and 1.14 times, respectively. Conclusions In conclusion we therefore advise against the use of thin PE inserts in modular TKA and recommend PE inserts with a minimal 8-mm thickness.
Introduction
Patients receiving a total knee arthroplasty (TKA) nowadays are heavier, more active, younger and have a longer life expectancy than those from previous decades [1] . Since these factors are associated with increased polyethelene (PE) wear, a higher number of revisions for wear may be expected [2, 3] . For these reasons there is a growing interest in factors that are associated with increased wear [4] .
From a biomechanical view, thin PE inserts have unfavourable wear characteristics [5] . This finding has been confirmed by clinical studies showing increased liner exchange for TKA with thin inserts compared to TKA with thick inserts [6, 7] . These studies, however, do not take into account other factors that are associated with wear, e.g. weight, BMI, age and component position (confounders), and this causes concern for the validity of their results. Furthermore, the magnitude of the clinical effect is unclear: how much do thin inserts increase the risk of insert revision?
Since the thickness of the PE insert can be modified intraoperatively, the wear characteristics can be optimised by choosing an insert of a particular minimal thickness, thereby reducing the chance of wearing through and thus the chance for liner exchange in the long run. Controversy thus remains regarding the question of what this minimal thickness should be [5, 8] .
The purpose of this observational study was (1) to investigate the optimal minimal PE thickness while correcting for confounders, (2) to identify other risk factors associated with revision of the insert due to wear and (3) to investigate the survival and clinical performance of the revised cases.
Patients and methods
This was an observational study of a cohort of 84 TKA (57 patients), which had been followed for 11-16 years. All patients who received the Interax cruciate retaining TKA (Stryker / Howmedica) were included from an academic centre specialised in the treatment of rheumatoid arthritis. No other inclusion or exclusion criteria were applied. The study was approved by our institutional ethics committee (pp160/93) and patients gave informed consent [9] .
A cohort design was chosen, because it reflects clinical reality by allowing the PE thickness to be optimised to the patient in order to assure proper stability and range of motion. Furthermore, randomisation is not considered appropriated, because of the risk of instability when a thin PE insert is allocated to a TKA with a too large flexion and extension gap [10] . Alternatively, randomisation could also result in the TKA being too tight in case a thick PE insert is allocated to a TKA with a too small flexion and extension gap [11] .
There were 40 patients with rheumatoid arthritis (RA) (62 TKA), 16 patients with osteoarthritis (OA) (21 TKA), and one with sequelae after septic arthritis (one TKA). The mean age at operation was 67 years (range 35-87 years, SD 11.8 years). There were 45 women (66 TKA in women) and 12 men (18 TKA in men). All operations were performed between November 1993 and January 1998. At the last follow-up (11-16 years) there were 24 patients (28 TKA) alive and 33 (48 TKA) patients had died. For 32 of the deceased patients (47 TKA) it was known whether they had undergone a revision for insert exchange or not. One of the dead patients was lost to follow-up three years postoperatively because she had moved to a different region; she was dead at the time of the analysis. She received one TKA with 6-mm inserts and was considered to be revised in a worst-case analysis.
In order to rule out selection bias and confounding due to differences in prosthetic design only patients treated with the Interax TKA were included. With 84 TKA (168 inserts) available for follow-up of 11-16 years and a medium expected survival of these inserts of eight years [12] , there was 90% power to detect a clinically relevant hazard ratio (Cox regression) of 2.0 [13] with a significance level of 0.05, two-sided.
Implant and inserts
The Interax TKA features modular low conformity UHMWPE half bearings, which are separate bearings for the medial and lateral compartment, allowing a difference in PE thickness between the two compartments. In seven out of 84 TKA (8%) there was a 2-mm difference in PE thickness and the knees were stable. The minimal thickness of a halfbearing was 6 mm and sizes increased by 2-mm increments. The PE inserts were sterilised by gamma radiation in air and machined from ram extruded GUR 415 resin containing calcium stearate. Two halfbearings for 84 TKA represent 168 halfbearings. There were 71 inserts of 6-mm thickness, 66 of 8-mm, 18 of 10-mm, nine of 12-mm and four of 14-mm.
Follow-up routine and outcome measures
Preoperative leg alignment was determined on weightbearing long-leg radiographs. After surgery, patients were invited at predefined follow-up sessions at three weeks, six weeks, three months, six months and one year postoperatively and at yearly intervals thereafter for radiological and clinical evaluation according to the Knee Society system [14] . Revisions for PE wear (insert exchange) were recorded. Patients continued to be invited for follow-up after the insert exchange in order to evaluate the effectiveness of the revision procedure.
Since all patients were prospectively followed, the indication for insert exchange was defined as presence of increased thinning of at least one of the inserts during follow-up. The time to revision was set in order to prevent the metal femoral component coming into contact with the metal tibial tray (worn through insert). The tibial tray has medial and lateral metal side posts (see Fig. 1 ). These side posts fix the inserts, and if these are damaged, a full total knee revision is necessary. Fig. 1 Postoperative (a) and pre-revision (b) standing X-rays. The senior author used only the blinded pre-revision X-ray to determine which halfbearing required revision, i.e. the lateral halfbearing in this case. Also note the medial and lateral metal posts at the edge of the tibial plateau. At the pre-revision X-ray the lateral metal post is very close to the femoral component In order to reduce bias the senior author assessed blinded pre-revision radiographs to determine the halfbearing for which the insert exchange was indicated (medial, lateral or both; see Fig. 1 ). These results were crossed-checked with the surgical procedure records.
In order to determine the relative revision rate for 6-mm inserts compared to 8 mm or more, the cohort was divided into two groups: inserts of 6-mm thickness (N=71) and inserts of 8 mm or more (N=97). The baseline characteristics of both groups are presented in Table 1 .
Statistical analysis BMI and weight [3, 15] , age [3, 6] and alignment [7, 12] are associated with PE wear and could therefore confound the comparison of insert thickness. Additionally, activity level could be different between OA and RA patients which could also confound the comparison of insert thickness. Furthermore, difference in femoral and tibial component size is a specific reason for excessive wear for the Interax TKA, which is used in this study [12] . Cox regression has been used to take these factors and gender into account. Kaplan-Meier plots are used to visualise the survival free of insert revision. First, the influence of PE thickness on insert exchange rate is determined. Then, in subsequent analyses, the inserts are divided into two groups to evaluated the optimal thickness as proposed by Bartel et al. [5] : inserts of 6-mm thickness (N=71) and inserts of 8-mm or more thickness (N=97).
Results

Indications for revision
The side of the most pronounced wear (medial, lateral or both) assessed during surgery corresponded in all cases with the indication made by the senior author on blinded radiographs.
Insert thickness and risk of insert exchange There were eight (9.5%) revisions for wear (liner exchange) at a mean 9.3 years postoperatively (range 3.1-14.7 years): six for the lateral compartment and two for the medial compartment. Furthermore, one patient is scheduled to undergo insert exchange due to wear of the lateral insert at 15 years postoperatively.
PE thickness is associated with the risk of insert exchange. For each millimetre decrease in PE thickness, the risk of insert exchange increases 3.0 times HR3.0 (95% CI 1.09-8.40). Table 2 shows a significant 11 times higher revision risk for the 6-mm inserts compared to the inserts of 8 mm or more; HR11 (95%CI 1.4-93). This increased risk remains after correction for confounders. There is a 12 times higher revision risk for the 6-mm inserts compared to the 8-mm inserts when the patient scheduled for revision is included in the analysis; HR12 (95%CI 1.4-98).
The survival for the medial and lateral halfbearings is illustrated in Figs. 2 and 3 . There is a significantly higher revision rate for the 6-mm lateral halfbearings compared to the lateral halfbearings of 8-mm or more. This difference is not present in the medial compartment. However, since there are only two revisions for the medial compartment, this may not be enough to detect a difference in revision rate.
Assuming the patient lost to follow-up has undergone an insert exchange prior to being lost to follow-up-worst case analysis-there is a 13 times higher revision risk for the 6-mm inserts compared to the 8-mm inserts; OR 13 (95%CI 1.7-109).
Risk factors for insert exchange
Risk factors for insert exchange, corrected for insert thickness, are presented in Table 3 . Diagnosis, BMI and weight are significantly associated with the risk of insert exchange. Patient with OA have a 4.73 times higher risk for insert exchange than RA patients. For every point increase in BMI the risk for insert revision increases 1.40 times and for every kilogram gain in weight the risk increases 1.14 times.
Survival of the revised TKA
The mean follow-up after insert exchange for the eight revised TKA was 4.8 years (range 0.1-7.4 years). There was one rerevision at three years after insert exchange for wear, instability and loosening of the femoral component. At the first revision (insert exchange only), this TKA received a low conformity PE insert from the original batch of the study (1993) (1994) (1995) (1996) (1997) (1998) . All other seven TKA had a mean KSS of 91 (SD 2.8) and have not been re-revised at last follow-up. They received PE inserts from 2002 and onwards at the time of revision, which are highly conforming, free of Ca-stearate and no longer sterilised by gamma radiation in air.
Discussion
The results indicate that PE thickness is indeed associated with the risk of insert exchange. In addition to PE thickness Note the 6-mm inserts have a significant 11 times higher revision risk compared to the inserts of 8 mm or more. This increased risk remains when adjusting for confounders a When adjusting for weight or BMI the HR increases to 39 and 85, respectively, with a very wide confidence interval. This is due to the fact that BMI and weight are strong confounders and the cohort is relatively small with only eight insert exchanges diagnosis, BMI and weight also increase the risk of insert exchange. Apart from one case of instability with loosening of the femoral component, there were no re-revisions for the patients treated with insert exchange at a mean 4.8 years follow-up (range 0.1-7.4 years). Insert exchange is the ultimate consequence of (linear) PE wear, which can be monitored on X-rays. With decreasing in vivo PE thickness the contact stress on the PE increases, which may lead to fatigue and subsequent fracture of the PE [5] . For this reason the risk of revision for wear could be higher in TKA with thin inserts. This effect may be amplified in modular TKA because modularity offers the advantage of exchanging only the PE insert and thus preserving the tibial and femoral component. If the ideal window for PE insert exchange is missed the tibial and femoral components could be damaged necessitating a full revision [16] .
Although thickness of PE as a risk factor for revision for wear has been identified before [5] [6] [7] , our study is the first to determine the magnitude of the clinical effect while correcting for known confounders (age, gender, weight, BMI, diagnosis, KSS score and alignment). Diagnosis, BMI and weight are also associated with an increased risk for insert exchange. OA patients have an almost five-fold higher risk for insert revision compared to RA patients. However, we should consider the fact that the RA patients, who are referred to our academic centre, are severe cases with involvement of multiple joints restricting their mobility. The decreased risk of insert exchange for RA patients may therefore be a result of decreased mobility rather than the result of RA alone [17] . Furthermore, the RA patients in this study are from an era in which aggressive treatment strategies with Disease-modifying Antirheumatic Drugs and biological response modifiers were being developed, so the results may not be fully translated to present day RA patients. In fact, the Australian National Joint Replacement Registry shows a smaller reduction in revision rates for RA [18] (0.55 revisions per 100 observed component years ) compared to OA (0.77 revision per 100 observed component years ); OA: RA=0.77:0.55=1.4 [95%CI 1.14-1.70]. Therefore present day OA patients have a higher risk of insert exchange compared to RA which is likely to be in the magnitude of 1.4 rather than 5.
For every point increase in BMI the risk for insert revision increases 1.40 times and for every kilogram gain in weight the risk increases 1.14 times. Whereas these risk factors have been described before, the magnitude of their clinical effect had not been previously determined [3] .
Several authors have identified postoperative alignment in addition to difference in tibial and femoral component size to be risk factors for PE wear and subsequent insert revision [7, 12, 19] . Although we found indications for these risk factors-difference in component size HR 2.34 and FTA angle HR 1.30 (see Table 3 )-there was no statistical significance. It is possible, however, that a cohort of 84 TKA is not large enough to detect them.
The results of the insert exchange cases are comparable to recently published larger patient series [20, 21] . Apart from one case of instability with loosening of the femoral component, there were no re-revisions for the patients treated with a insert exchange at a mean 4.8 years follow-up (range 0.1-7.4 years). The high revision rate for PE failure in the Interax TKA, used in our study, has been previously described by Sugimoto et al [12] . Sterilisation method (gamma radiation in air) in addition to implant design features are related to this high failure rate [12, 19] . The large proportion of worn lateral inserts may be due to a combination of implant design features and the relatively large proportion of pre-operative valgus deformities in RA patients in both knee and hindfoot of those patients [12] . One case was lost to follow-up. When assuming that this patient had undergone a revision for PE wear in a different hospital-a worst case analysis-the increased risk of revision for the thin inserts compared to the thick inserts would even have been more substantial: 13 times increased versus 11 times increased. Therefore this case of lost to follow-up does not alter the conclusions.
An issue with PE thickness is the difference in actual minimal PE thickness and the size reported by the manufacturer. The real minimal PE thickness can be up to 4 mm thinner than the thickness reported by the manufacturer [22] . For this reason orthopaedic surgeons could still be using inserts of 6 mm or less without being aware of it. Regarding the inserts used in our study, we verified that minimal PE thickness of the Interax corresponds with the size reported by the manufacturer by measuring the minimal PE thickness with a calliper in a small sample of inserts.
A recent study has shown the catastrophic consequences of increased PE wear, leading to a high failure rate in a contemporary TKA design [23, 24] . Therefore, the problems of excessive wear are not only a problem of the past [25, 26] . Knowledge of risk factors for wear and the magnitude of their clinical effect is thus imperative. The recent GRADE guidelines are developed for grading the strength of evidence [13] . According to those guidelines a very strong association is defined as a relative risk of 5 or more. There should also be evidence of a dose response gradient and the association should remain after correction for confounders [13] . According to the GRADE guidelines, the evidence for PE thickness as a risk factor for wear and liner exchange may be classified as very strong, because the relative risk is greater than 5 (HR =11), there is evidence of a dose response gradient and the association remains after correcting for confounders [13] . Choosing the right minimal insert thickness is an elegant and cost-effective intraoperative measure to achieve a ten-fold reduction in the amount of revision operations for wear, which outweighs the required additional bone resection. In conclusion we therefore advise against the use of thin PE inserts in modular TKA and recommend PE inserts with a minimal 8-mm thickness.
